We have successfully synthesized highly dense and well aligned zinc oxide (ZnO) nanowires ( The results showed that upon bending, an anisotropic voltage polarity is generated on the two sides. Indicating that, this double sided NG can be used as a self-powered voltage polarity based direction sensor. The results of the present flexible double sided NG is very promising for harvesting energy from irregular mechanical energy sources in the surrounding environment. In addition, the fabricated configuration showed stability for sensing and can be used in surveillance and security applications.
Introduction
Since the past decade harvesting energy has attracted increasing attention. This increased interest is due to the potential applications in developing self-powered systems based on nanostructures. The ambient mechanical energy is one of the sources that are abundant and hence different energy harvesting devices and configurations have been reported [1] . Nanogenerators (NGs) using piezoelectric nanowires (NWs) have been developed as a key of technology for converting mechanical energy into electricity. In 2006 Wang et al. introduced the first zinc oxide (ZnO) NG based on NWs using atomic force microscopy (AFM) nanoindentation technique and the harvesting piezoelectric potential produced was around 8 mV with an output power density of 10 pW/mm 2 [2] . Then in 2007 Xudong et al. reported a piezoelectric NG based on vertically aligned ZnO NWs arrays which relies on zigzag top electrode. This act like an array of AFM tips that force the NWs to bend in response to external mechanical agitation caused by ultra-sonic wave [3] . Since then various NGs for ultrasonic, vibration, air pressure and body movement energy harvesting have been developed [3, 4] .
Never the less until now for scavenging energy from mechanical movement, especially human activity, it has been important to explore wearable and sustainable technologies that function efficiently at low frequencies. Most of the developed NGs based on flexible substrates have shown enhancement in the amount of output power generated under mechanical deformation and can have many applications at low frequency. Beside the relatively high output power performance, flexible substrates do offer multi functionality, e.g. high sensitivity, full flexibility, stretchability, and multi-shape transformability. Therefore, developing piezoelectric energy harvesters with high performance, sensitivity and stretchability is extremely important in order to convert various kinds of mechanical energies available in nature into electricity for the realization of systems operating in self-power mode [5] . The mechanical deformation which causes an output from a NG can be used either as output electric power or as a sensor signal for detecting magnitude and/or the rate of the mechanical deformation. Since no power is applied in the signal detection, sensors based on NGs are called active or self-powered sensors.
They have been demonstrated for monitoring heart-pulse, tire pressure, cantilever vibration frequency, ambient wind-velocity detection, transportation, and skin deformation [6] .
Among the different piezoelectric materials utilized, one-dimensional ZnO NWs have potential for many different technological applications. The attraction to ZnO nanowires/nanostructures is due to many reasons such as the wide band gap (3.37 eV) combine with relatively large exciton binding energy (60 meV). Zinc oxide also possesses excellent chemical stability, electrical, optical, piezoelectric and pyro-electric properties [7] [8] [9] . Among the different methods of synthesis of ZnO NWs, the low temperature hydrothermal method is considered as a promising technique. This is due to the fact that the morphology, structure, and hence properties, can all be controlled by tuning the growth conditions. This is addition to the low cost and ease of fabrication and in addition the low temperature enables the growth on any flexible and foldable substrate [10] [11] . However, the morphology of nanomaterials has influence on their properties and the corresponding potential application [12] [13] . In particular to piezoelectric nanogenerators, well aligned NWs play an important role in improving the power output [9] . Therefore, to grow nanowires with controlled size, orientation, distribution, and uniformity on any substrates with low cost is of high interest. [16] . Although this configuration could have been utilized for developing direction sensor utilizing the harvested output voltage polarity, such investigation was not carried out. This NG was rather realized as an eco-friendly biomechanical energy harvesting device [16] .
In the present work we developed a NG with configuration consisting of ZnO NWs grown on both sides of a flexible PEDOT: PSS plastic substrate. By measuring the harvested piezoelectric output voltage from the two sides separately, such configuration would be expected to yield different voltage polarities upon bending from the two sides. Since the ZnO NWs on one side will be compressed while they are stretched on the other side. The morphology and structural properties of the grown ZnO NWs was investigated by scanning electron microscopy (SEM) and x-ray diffraction (XRD), respectively. The output performance of our double sided NG has been studied under different mechanical deformations by using 
Device Fabrication and measurements
By stacking nanogenerators in series and parallel, higher output piezoelectric power can be achieved [17] [18] . Therefore, we grow ZnO NWs on both sides of the substrate and fabricate double layers of ZnO NWs on both sides of the substrate in order to increase the output power. The fabrication of the present NG is described as the follows: after successfully growing ZnO NWs on both sides of the substrates a thin aluminum foil is attached on a top of the ZnO NWs on both sides and used as ohmic contact. The conducting aluminum sheet was used as the ohmic contact due to it's work function is close to electron affinity of ZnO and it provides almost ideal ohmic contact with n-ZnO [19] . The schematic diagram of the present is shown in Figure 1 (a) and a digital photograph of the NGs under bending is shown in Figure 1 (b). To investigate the energy harvesting process and the energy conversion efficiency of a ZnO NWs NG, we measured the output voltage and current signal generated from the device during mechanical deformation. The measurement of the performance of the two sided NG was performed by separately measuring the harvested voltage/polarity and also when connecting the two sides either in series or investigated separately. Two different NGs were fabricated, both are having ZnO NWs on both sides, but the first (Type I) is on PEDOT: PSS plastic substrate, while the other (Type II) is on silver coated plastic. 
Results and discussion

Surface morphology and structure characterization
The surface morphology of the ZnO NWs has been investigated by using SEM. 
Performance of the double sided NG
We first investigated the polarity of the harvested voltage from both sides of the ZnO NG.
To perform this measurement the NG is connected as shown in Figure 1a . When the NG sample is bended, the ZnO NWs on one side will be stretched while they will be compressed on the other side. A piezo-potential will then be produced on both sides. This is illustrated in Figure   3a . As it is well known, stretching and compression will lead to different voltage polarity [6, 15] . According to Alzahrani et al. [22] , the bending distortion range of 0 to 360 nm created on a NW by an atomic force microscope tip induced deflection. The analysis shows that the increasing tip force lead to increase of the piezoelectric polarization and subjecting to the bending angles [22] . Therefore, our experiment presents the relation between the response potential and bending angle instead of applied force and we suggest that this nanogenerator can be utilized as a direction sensor rather than a pressure sensor. Hence in our double sided NG and by bending both positive and negative voltage are expected to be produced on the two different sides [18, 19] . Since the ZnO NWs were vertically grown onto the substrate, the top of the ZnO NWs has a positive potential when the NW layer is compressively strained or a negative potential when the NW layer is tensile strained. Therefore, if the decrease of the output voltage was caused by the screening effect from the current leakages and from the impurities according to our assumption, the screening effect should vary with the bending direction. The output voltage and the current were about three times higher when the NW layer was compressively strained than when it was tensile strained, as shown in Figure 3 a [6] . Here the bending is performed by applying a force by hand pressure as shown in Figure 1b i.e. this NG operates at low frequency. . This is because the smaller the bending angle, the larger the applied strain is on the ZnO NWs, therefore generating more enhanced output [24] . On other hand, the inordinately high bending angle (above 40 o ) of piezoelectric NWs can lead to the degradation of electromechanical coupling effect and these behaviors will yield low output performance. [25] .
It is important to note that the values shown in Figure 4b , c, and d, are corresponding to the absolute value of the harvested voltage with no consideration of the polarity. In Figure 4b 
Conclusion
We have fabricated a flexible nanogenerator based on ZnO NWs, hydrothermally grown through a single step on the two sides of a flexible plastic substrate. PEDOT:PSS or silver coated plastic were used, and no pronounced difference in the piezoelectric harvested energy was noted. The energy harvested under different bending angles for the two devices configurations generated 4.44 mW/cm 2 and 2.5 mW/cm 2 , from the PEDOT:PSS and silver coated plastic, respectively. Further, the demonstrated results of harvesting mechanical energy from a double sided NG indicated that the output harvested power is doubled compared to the output power harvested form a single side, and is consistent with previously published results of connecting more than one NG in series. The harvested power from each side was found to increase with the bending angel until a maximum bending and upon any further increased bending the harvested powers starts to decrease. This observation was symmetric in nature for bending or releasing procedures. Further, upon bending, each side is either under compressional or tensile strain and this leads to simultaneously generates anisotropic voltage polarity on the two sides. Finally, these results indicate that the present piezoelectric double sided NG can be used as a simple and low cost and stable self-powered direction sensor for many applications, e.g. in safety and security surveillance systems.
